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DEVELOPMENT AND TESTING OF
LIQUID METAL FILM THICKNESS INSTRUMENTATION

ABSTRACT

An existing AiResearch transducer for measur ing relative
shaft motions, within a 600°F alkali-metal environment, was upgraded
to measure potassium films at temperatures from 600° to 1000°F.
Various combinations of transducer and journal materials, effects of
coil and wire diameters; temperature,.frequency,‘and holder material
were investigated to pinpoint key parameters affecting probe sensi-
tivity. Based on these studies, probes were fabricated, tested to
800°F, 14,000 rpm and found to have sensitivities from 0.040 to
0.099 v/mil, using a secondary-to-primary coil-turns ratio of 1.5:1.
A1203 coil cores of 0.46-in. dia were wound with No, 36 Ni-clad
silver wire coated with ceramicite insulation. This combination of

materials proVides stable resistivity with time at high temperatures.
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1. SUMMARY

The primary intent of this program was to upgrade an existing
AiResearch~developed device for measuring the relative motion of a
journal within a bearing in an alkali-metal system. The transducer

set was upgraded to operate under the following conditions:

Lubricant 600° to 1000°F potassium
Turbine speeds Up to 24,000 rpm
Resolution 0.00005 in.
Materials:

Housings Tungsten carbide (K-96)

316 stainless steel
T-111
TiC-10Cb

Journals TZM
Tungsten carbide (K-96)
TiC-10Cb

During Task I, the transducer was extensively examined using a
computer~evaluated mathematic model and later utilizing test trans-
ducers and a bench test/calibration rig. Specific conclusions

regarding design and operational variables are summarized in Table 1.

The final transducer reflected these conclusions in its design;

assuring a reliable device of reasonably optimum sensitivity.

Task II involved design and development of test hardware subject-

ing candidate probe designs to the following requirements:

(a) Temperature variation from ambient to 1000°F

&

(b) Rotational speed from 0 to 25,000 rpm at temperature

APS-5357-R
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(c) Measurement of motion of the shaft in two mutually

perpendicular planes to an accuracy of +0.00005 in.
(d) Applicability to refractory-alloy material combinations

Final probes designs were calibrated with this equipment to a sensi-

tivity range of 0.040 to 0.099 volts per mil of shaft displacement.

Task III saw the fabrication of four transducer sets for the
500 hr turbodynamic test. The finished coils employed a 1.5:1
secondary-to-primary coil turn ratio, winding No. 36 Ni~clad silver
wire with ceramicite insulation, 225 and 150 turns, respectively,
around a 90 percent A1203 core. Approximately 3200 hr total of
resistance stability testing at 1000°F temperature indicated that
either No. 36 ceramic-insulated Ni-clad silver wire or No. 36 aluminum
wire, A1203 insulated,were sufficiently reliable at the elevated

temperatures.

The coil pairs were then balanced electrically at 1000°F tempera-
ture by selective turn removal until a null voltage resulted between
the two-series-opposed connected secondary coils. The balanced probe
sets were then mounted into shielding holders and fitted with connec-
tors for installation and calibration within the turbodynamic test
loop.

Task IV was to have been concluded by a milestone-type 500 hr
endurance test at 1000°F potassium temperatures. The loop was com-
pletely inspected and all guestionable components rebuilt or replaced.
Portions of the turbodynamic turbine and bearing rig were modified to
improve probe reading reliability and accessibility. Four sets of
probes were insgtalled and calibrated in the unit. Full steady state

boiling conditions were achieved in the loop and testing was begun;

APS~5357~R
Page 3
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however, several blockages were experienced in various loop sub-circuits
and repeated attempts to clear the lines were unsuccessful. At this

point, further tests were deferred by the NASA program manager.

APS-5357-R
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2. INTRODUCTION

The NASA-Lewis Research Center is currently investigating the
dynamic characteristics of alkali-liquid-metal=-lubricated fluid-film
bearings for application in space power turbomachinery. Long life and
high reliability in potassium Rankine cycle turbomachinery ultimately

depends upon the development of stable rotor bearing systems.

Such development in turn depends upon instrumentation capable of
monitoring bearing film thicknesses and shaft motions within a high

temperature, alkali metal environment.

Accordingly, this program was intended to design, fabricate, and
test a film thickness measuring device for eventual application in
space power conversion turbomachinery. The specific requirements of
the program involved upgrading an existant AiResearch transducer
device such that it would be capable of satisfying the following
requirements:

(a) Operational life of 2000 hr in ambient or liquid potassium

environments from 600~ to 1000°F

(b) Frequency response: 0 to 2000 Hz

(c) Accuracy of measurement: *0.000050 in. for film changes up
to 0.005 in. at shaft rotational speeds up to 24,000 rpm or

t1 percent for film changes up to 0.050 in.

(d) Precision: The calibration of any one instrument within

5 percent of that of any other instrument

(e) 1Zero shift: Zero shift with temperature not exceeding

0.01 percent of full scale per degree

APS~5357~-R
Page 5
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Additional considerations such as compatibility with high strength
journal materials, space environmental requirements (high vacuum), and

maintainability were to be accounted for.

Several geometries, primary-to-secondary coil wire turns ratios,
coil-wire and core material variations were to be explored analytically
and experimentally in order to achieve a reasonably optimum final

configuration.

AiResearch background leading to the current work began in 1964
during the USAF/AEC SNAP 50/SPUR program with the need for a dynamic
£ilm-thickness measuring device. This device was used to monitor
shaft motions in the 600°F potassium working fluid turbine/bearing
test unit shown in Figure 1. Operating this device over a three year
period enabled accumulation of extremely useful dynamic performance
data on potassium lubricated bearings. Monitoring rotor excursion
during all modes of operation could not have been obtained from com-
ponent inspection before and after the test, or other indirect measure-
ments during the test such as vibration, pressure perturbations, flow

rate variations, etc.

Analytical work during the present program was assisted by an
AiResearch-modified relaxation solution technique originated by
C.V. Dodd in a paper entitled "Solution to Electromagnetic Induction
Problems," Oak Ridge National Laboratory (ORNL) Report TM-1842,
June 1967.

APS~5357~R
Page 6
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TURBODYNAMIC BEARING TEST
COMPONENTS

FIGURE 1
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3. DISCUSSION OF RESULTS

The objective of this program has been to upgrade an existing
AiResearch-developed device for measuring the relative motion of a
journal within a bearing in an alkali-metal system. The existing
device was developed to monitor shaft excursion in a 24,000-rpm 600°F
potassium-lubricated-bearing test turbine to a resolution of 0.0001 in.
The program has required that the instrument be upgraded to operate

under the following conditions:

Lubricant 600 to 1000°F potassium
Turbine speeds Up to 24,000 rpm
Resolution 0.00005 in.
Materials:

Housings Tungsten carbide (K-96)

316 stainless steel
T-111
TiC-10Cb

Journals TZM
Tungsten carbide (K-96)
TiC-10Cb

The final instrument configuration (Figure 2) is of the eddy-
current transducer type. When a coil of wire carrying an alternating
current is placed near a conducting material, eddy currents are gener-
ated so as to oppose the exciting current in the coil and cause a
change in the magnetic field. This change in the magnetic field
which is measured by a second coil placed in the field, is a function
of the conductivity of the material near the coil, the distance

between the material and the coil, and the geometry of the configuration.

APS-5357~R
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90% Al,O3 CORE
150 TURNS #36 WIRE

225 TURNS #36 Ni CLAD Ag WIRE
EWITH CERAMICITE INSULATION

.460

~a— 300 —== .05 TYP.[4 PLACES)

FILM THICKNESS PROBE COIL CONFIGURATION FOR 500 HOUR TEST

FIGURE 2

APS-5357-R
Page 9



-gF AIRESEARCH MANUFADTURING COMPANY OF ARIZONA
GARRETT A DIVISION OF THE GARRETT CORFPORATION

To facilitate development of the device the program was broken
into four basic tasks:

Task I -~ Film-Thickness Transducer Analysis

Task II - Film-Thickness Transducer Bench Testing

Task III - Final Transducer Fabrication

Task IV =« 500-Hour Potassium Test (including turbodynamic

test-turbine and test-loop modification)

3.1 Task I

An existing computer program was modified and checked out for
analyzing candidate transducer configurations. The program is based
on electromagnetic analysis techniques discussed by C.V. Dodd in a
paper entitled "Solution to Electromagnetic Induction Problems,"

Oak Ridge National Laboratory (ORNL) Report TM-1842, June 1967.
Transducer design variables over the ranges shown below were to
be analyzed with the intent of identifying the combination providing

optimum sensitivity:

TRANSDUCER DESIGN VARIABLES

Coil diameter: 0.2 to 0.75 in.
Wire diameter: 0.003 to 0.005 in.
Temperature: 600 to 1000°F
Applied frequency: lO4 to lO6 HzZ
Window material: T-111, SS-316, WC, TiC-10Cb
Window thickness: 0.010 to 0.050 in.
Shaft, bearing and journal or WC, TiC-10Cb, TzZM
sleeve materials:
Bearing journal or sleeve thickness: 0.1 to 0.5 in.
Fluid: Potassium liguid and vapor
APS—-5357-R
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Unfortunately, extremely long computer run times at each film
thickness point precluded extensive analysis. Therefore, the remainder
of Task I was supplemented with experimental tests which served. to
point out the optimum configuration shown in Figure 2. With regard to

the design parameters in Table 2 the following trends were observed:

(a) Coil Diameter and Configuration - An optimized coil configu-

ration was found to be one with a secondary to primary turn
ratio of 2:1 or 2;5:1 regardless of the film resistivity.
The sensitivity was found to be a weak function of secondary
and primary coil diameter changes with a high resistivity
film. With a low-resistivity film, however, the sensitivity
was found to vary about 10:1 from 0.250 in. diameter to

0.500 in. diameter favoring the larger diameters.

(b) Wire Diameter - Due simply to durability at temperature,

No. 36 wire size was chosen. During extended 1000°F tem-
perature runs, No. 38 and No. 40 wire sizes indicated hot

spots and an increased resistivity with time.

(c) Temperature Effects - Between 600~ and 1200°F, transducer

sensitivity appeared to be relatively constant when monitor-
ing a TZM shaft.

(d) Applied Frequency - Since the sensing coils are wired in

series opposition and the induced voltages are relative, no
pronounced effect of frequency on sensitivity was observed.

Most testing was done with an applied frequency of 20 kHz.

(e) Window Material and Thickness - Final window configurations
are nominally 0.011 in. thick and fabricated from 316S8ST,
K~96, T-111 and TiC-10Cb. With a low-resistivity film, an

increase in window thickness has a greater effect in reduc-

ing the sensitivity than with a high resistivity film.

APS~-5357-R
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(£) Sleeve Material - Data was taken for sleeve resistivities
from TZ2M at 6.7 uyohm—-cm to Ti 6Al 4V at 176 uohm-cm. Insu-

lating sleeves were also examined along with T-111, TiC-10Cb

and Inco X. Within the temperature range examined, (200 to
1100°F), potassium resistivity varies from 10.2- to 52.0
uwohm~cm. Definite sensitivity trends were observed--most
based on the film-to-sleeve resistivity ratio.

At low film-to-sleeve electrical resistivity ratios, sensi-
tivity is primarily a function of film thickness changes only. At
high film-to-sleeve resistivity ratios, the sensitivity is primarily a
function of the sleeve motion with some decrease in sensitivity from
coil shielding by the f£ilm. Thus, with sleeve resistivities greater
than 70 pohm-cm, the sleeve contributes approximately 50 percent
or less to the overall sensitivity with high-resistivity films (i.e.,
high-temperature K) but plays a minor role in affecting sensitivity
with low-resistivity films (i.e., low—-temperature K).

Based on Task I analysis, probe fabrication and calibration was
accomplished under Tasks II and III using the basic probe assembly
shown in Figure 3.

3.2 Task II

This task saw the development of transducer hardware and a cali-
bration test rig used to test the transducers under the following
operational requirements.

(a) Temperature variation from ambient to 1000°F

(b) Rotational speeds from 0 to 25,000 rpm

APS~5357=-R -
Page 12
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(c) Measurement of motion of the shaft in two mutually

perpendicular planes to an accuracy of *0.00005 in.
(d) Applicability to refractory-alloy material combinations

The rig (Figure 4) consists of a precision rotating spindle
mounted in pneumostatic journal bearings. The shaft penetrates the
potassium-filled—-probe test housing through a combination mechanical
face seal and dynamic seal with an argon buffer between. The rotating
spindle/bearing assembly is mounted to the base plate through a pair
of mutually perpendicular, linear antifriction rollerways. The shaft

is driven by a plant-air-activated air turbine.

Radial movement of the precision spindle is measured by two pairs
of high-precision capacitance probes mounted in each air bearing.
These capacitance probes are calibrated external to the rig with
a high-precision absolute calibrating device. Manual movement of the

spindle is controlled by precision micrometer heads direct reading to
0.00001 in.

The film-thickness-probe test head consists of a cylinder of the
particular housing material of interest, containing the eddy-current
coil assemblies and sandwiched between two housings of a material of
similar thermal expansion. The assembly is not seal-welded but is
statically sealed with metal sealing rings. This design feature
allows for the greatest degree of versatility in testing different
housing (refractory) materials, various coil configurations, and

required window configurations.

The portion of the rotating spindle upon which motion is to be
sensed is separate from the basic spindle. It is mounted to the
spindle through a slotted shaft arrangement intended to compensate for

differences in thermal expansion and yet provide positive register

APS~-5357-R
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with the specimen. This device is shown schematically in Figure 5.
The test—-coil housing is surrounded by a resistance clam-shell-type
heater to provide the reguired ambient operating temperature. The
heater enclosure also serves as a light vacuum or inert-gas chamber to
handle potassium leakage and to minimize oxidation in the high-

temperature region.

Solid, one-piece instrumentation housings were fabricated for the
calibration rig using the following test materials--316 SST, K-~96,
T-111 and TiC-10Cb. Also tests were conducted using TZM, Alzo and

TiC-10Cb sleeve material.

3

Eventually, the calibration rig was utilized to calibrate a set

of four final design probes for use during endurance testing.

Coil pair sensitivity values of 0.090 volts/mil were recorded for
the TZM sleeve and a sensitivity range of 0,090~ to 0,099 volts/mil
was observed for an A1203 sleeve using NaK as the fluid film.

Rotational testing at room temperature revealed constant sensi-
tivity with speed.

Calibration of the four probes for the endurance run revealed the
sensitivities shown in Figure 6.

3.3 Task III

This task required the design and fabrication of film-thickness
probes for use in the 500 hr endurance test. The final probe design
employs a 1.5 secondary-to-primary coil turns ratio and was shown in
Figure 2. Geometry and dimension evolved from experimental and
analytical optimization studies while high temperature resistance

stability tests dictated the optimum combination of coil wire material,

APS~5357-R
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gauge, insulation, potting compound and connector design. Number 36
aluminum oxide-coated aluminum wire or Ceramicite-insulated Ni-clad
wire both offer high~temperature resistance stability (during 2200 hr
of testing at 1000°F) with the aluminum wire slightly more amenable
to high temperature conditions. Aluminum, however, may have a tend-
ancy to "outgas" in the hard vacuum of space. Therefore all trans-
ducers were wound with the Ni-clad silver wire using a 90 percent

A1203 core potted with PBX ceramic cement.

A typical brace of transducers is fabricated by winding the
ground A1203 core with the appropriate number of wire turns then con-
necting them as follows:

To) 20 kHz primary excitor

o Primary coils in series

o Secondary coils in series opposition

o Digital voltmeter reading net secondary output

The coils are temperature cycled and balanced by selectively
removing turns to bring about a null secondary voltage reading. When
suitably balanced the coils are placed in holder-lead wire assemblies
(Figure 7) and final-calibrated.

Coil sensitivities in the range of 0.090 to 0.10 volts/mil were
observed using this process. All coil sets, including the 4 sets
calibrated and installed in the turbodynamic loop were fabricated in
this manner.
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3.4 Task IV

The objective of Task IV was a 500-hr verification test of the
final film thickness probe configuration resulting from Tasks I, II
and III. Part of Task IV involved refurbishing an existant potassium
test loop using a 24,000 rpm supersonic potassium bearing test turbine
(Figure 8) developed in 1963-64 on the USAF/AEC SNAP 50/SPUR program.

The loop had accumulated approximately 3000 hr with vapor temper-
atures up to 1350°F and bearing lubricant temperatures up to 600°F.
All gquestionable loop components were replaced and/or rebuilt to pro-

vide maximum reliability during the 500 hr test.

Unfortunately, the 500 hr test was not completed although four
transducer coil pairs were fabricated, calibrated and installed in the
rig. Steady state boiling conditions were established in the loop but
soon thereafter the hot trap line and bearing feed lines became
plugged and repeated attempts to unplug them were in vain. Shortage

of funds affected the cancellation of further testing at this point.

Suitable probes were analyzed, designed and fabricated and lack
of a milestone-type test, while unfortunate, should not detract from

the significance of these advances.
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4. ANALYTICAL DISCUSSION

During the preliminary design phase of the program, it was
decided by NASA to undergo an extensive analytical study of transducer
design variables. It was felt that this approach might speed the
process of finding the optimum combination of materials and geometry
without incurring the time and expense of experimental work. Using
computer techniques it would be possible to examine a far wider range
of design variables than would be possible with fabricate-then-test

techniques.

Therefore, Task I of the program was defined to explore the
sensitivity of the transducer device expressed in volts of probe out-
put per microinch of thickness change of the potassium film. Sensi-
tivity variation as a function of the following design parameters was
to be explored:

Design Parameters Range of Investigation

Coil diameter: 0.2 to 0.75 in.
Wire diameter: 0.003 to 0.005 in.
Temperature: 600 to 1000°F
Applied freguency: 10% to 10° mz
Window material: T-111, SS-316, WC, TiC-10Cb
Window thickness: 0.010 to 0.050 in.
Shaft, bearing and journal or WC, TiC~10Cb, TZM

sleeve material:
Bearing journal or sleeve thickness: 0.1 to 0.5 in,
Fluid film: Potassium liguid and vapor

Also to be explored was the capability of the device for measurement
of change in radial clearance of a shaft or in axial clearance of a
rotating disk.
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4.1 Basic Mathematical Model

4.1.1 Theory of Operation

When a coil of wire carrying an alternating current is placed
near a conducting material, eddy currents are induced in the conduct-
ing material. These eddy currents are generated so as to oppose the
magnetic field. The change in the magnetic field, which can be mea-
sured by a second coil in the field is a function of the conductivity
of the material near the coil, the distance between the material and

the coil, and the shape and size of the material.

The analysis of the instrumentation requires that the functional
relationship between the parameters of the coil system--i.e., resist-~
ance, inductance, and coil size and the conductivity and permeability
of the potassium film, turbine shaft and window material--be determined.
A set of equations have been derived that uniquely define the coil
parameters as a function of the environment surrounding the coil
system.

The solution satisfying that set defines the magnetic field and
eddy currents induced in the window and potassium film., The magnetic
field is set up by currents residing in the coil. A solution for a
given coil and f£ilm configuration was derived from Maxwell's equations
and Ohm's law. The coil parameters were then determined by integration
of the magnetic field over the coil geometry.

The differential equation that determines the magnetic field

vector B included in the potassium film is given by the expression:

APS~5357-R
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where

V"B = divergency gradient
o = film conductivity
U = permeability
t = time

Since the magnetic field will vary sinusoidally with time, the

magnetic induction also varies sinusoidally and can be written

B = Boej“t
where
BO = maximum amplitude of B
j = unit vector in the imaginary direction = /=1
w = 27f

f = frequency

Two approaches may be taken to solve the previous equation. One,
a "closed form" solution assumes sinusoidal driving current, linear,

isotropic and homogeneous media. These solutions are in the form of

Bessel function integrals and while amenable to "first approximation”
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type problems, this form did not lend itself to the transducer
analysis--largely due to the need for precision and due to the large

number of material interfaces inherent in this particular problem.

The second approach, and that selected, is the relaxation method
derived in C.V. Dodd's "Solution to Electromagnetic Induction Prob-
lems," Oak Ridge National Laboratory Report ORNL-TM-1842, dated
June 1967.

The solution for a particular electromagnetic configuration is
obtained by deriving the differential equation for the magnetic vector
potential from Maxwell's equations. This differential equation con-
sists of several terms that are approximated by finite-difference
equations. These approximations provide a means for expressing the
magnetic vector potential at a given point in terms of the vector
potential at several nearby points. The computer program is written
to solve for the vector potential by a relaxation method. From the
values of the vector potential at the location of the film-thickness
transducer, the induced voltage in the transducer coils can be

calculated.

The computer model transducer configuration consists of two
coaxial coils--one positioned adjacent to the other, and both posi-
tioned adjacent to several layers of materials with various electrical
conductivities, as shown schematically in Figure 9. The transducer
cross section as positioned in the turbine is obtained by passing a
plane through the axis of the transducer and the rotational axis of
the turbine shaft. It is identical to the actual transducer configu-
ration.

The various mesh sizes were used in the relaxation procedure to
provide more accuracy in simulating the variation of the potassium

film as a function of journal motion in the bearing. A very coarse
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mesh (50 x 50) was formulated. A very satisfactory convergence was
obtained with this mesh. A computer subroutine was written to stretch
the 50 x 50 mesh to a 250 x 250 mesh keeping the configuration bound-
aries proportional. The results from the 50 x 50 mesh were then used
as initial estimates for the 250 x 250 mesh. A tape overlay method
was developed for cascading the arrays making possible operation

on the CDC 3400 computer without overflowing the storage capacity.

Versions of the program (up to 100 x 100 mesh array without
external tape storage) were used to calculate the induced transducer
voltages for 600°F film thickness of 0.010-, 0.020-, and 0.030-in.
Two sleeve materials were explored--tungsten-carbine with cobalt
binder (Kennametal K-96) and Ti-6Al-4V,.

In each case calculations were run to the point where error
between the last two computer interations was 0,0l percent or less.,
These computer calculated induced primary voltages were then used to
calculate the induced voltages in the secondary coil of the transducer

using the mutual inductance coupling.

For the tungsten-carbide case, the induced secondary voltage
remained constant for the three film thicknesses. For the Ti-6Al-4V
case, there was an increase in voltage of 0.6 mv/mil over the range
of thicknesses investigated.

A comparison was made of calculated and experimenfally determined
values of voltage sensitivity for a transducer configuration with
Ti-6Al-4V as the sleeve material. The computer-determined (calculated)
value was 0.6 mv per mil, where the experimental value obtained from
data generated during the SPUR bearing test program was found to be
1.7 mv per mil. The difference could be caused by differences in

geometry and can only be resolved by further computer calculation.
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Due to the large computer time expense inherent in the long (4 to
5 hr) convergence times required for each film thickness change, addi-

tional computer runs were suspended by the NASA Program Manager.
Further efforts to select and optimize transducer configurations
were diverted into an experimental channel using simulated transducers

as described in the next section.

4.2 Empirical Transducer Study

Task I originally entailed the use of a mathematical model to
analyze film thickness transducer sensitivity as a function of changes
in the film thickness. This program proved economically unfeasible to
operate for extensive transducer analysis. Extremely slow convergence
times caused principally by discontinuities along material interfaces
resulted in computer run times on the order of 4 to 5 hr for each film-
thickness change point. Therefore, the Task I phase of the program was
rechanneled toward an empirical approach. This approach involved
static bench tests varying the parameters of interest, and observing

their effect on transducer sensitivity.

The variables investigated included sleeve material, window thick-
ness, temperature, coil diameter and configuration, and window curva-
ture. Rotational effects were investigated using the calibration
test rig. This is essentially the same variable set which would have
been examined analytically were it not for the inordinate amount of

computer expense.

4.2.1 Summary of Basic Trends

Data taken using the static bench tests reveal the following
trends:
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(a) Sleeve Material - At low film-to-sleeve electrical

resistivity ratios, the sensitivity is primarily a function
of film thickness changes only; At high film-to-sleeve
resistivity ratios, the sensitivity is primarily a function
of the sleeve motion with some decrease in sensitivity from
coil shielding by the film. Thus, with sleeve resistivities
greater than 70 uohm-cm, the sleeve contributes approximately
50 percent or less to the overall sensitivity with high-
resistivity films (i.e., high-temperature K) but plays a
minor role in affecting the sensitivity with low=-resistivity

films (i.e., low-temperature K).

(b) Window Thickness - With a low=-resistivity film, an increase

in window thickness has a greater effect in reducing the

sensitivity than with a high resistivity £film.

(c) Temperature - The sensitivity with a TZM shaft should be

relatively constant with temperature between about 600° and
1200°F.

(d) Coil Diameter and Configuration - An optimized coil configu-

ration was found to be one with a secondary to primary turn
ratio of 2:1 or 2.5:1 regardless of the film resistivity.
With a high resistivity film, the sensitivity was found to
be a weak function of secondary and primary coil diameter
changes. With a low-resistivity film, however, the sensi-
tivity was found to vary about 10:1 between coil diameters
of 0.250~- to 0.500 in.

(e) Window Curvature - By introducing a calculation technique to

correct the foregoing results for window curvature, no

deviation from the above-mentioned trends was evident.
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(f) Rotational Effects = Utilizing the calibration test rig, a

limited amount of testing with NaK was conducted using a
baseline transducer with a 0.500 nominal OD and a 1l:1 turns
ratio. These were tested in housings machined from solid
billets of material. The minimum window thickness through
which the instrument senses in 0.011 in. Data taken at room
temperature with a Type 316 Stainless-Steel housing and a
TZM sleeve indicates constant transducer sensitivity with

speed.

4.2.2 Description of Static Bench Testing

In order to investigate the film thickness transducer sensitivity
over a wide range of variables, a simple static bench test rig (Fig-
ure 10) was designed and fabricated. The basic transducer consists of
two coil cores, each wound with two coils of fine magnetic wire.

Typical coil dimensions are shown in Figure 11.

The two coil sets are mounted in the test fixture facing each
other with colinear axes. Between the faces of the transducer coils
are mounted layers of various materials simulating a window, a liquid
metal (or other fluid) £film, and the shaft (sleeve) material. The
thicknesses of the various strata may be changed by moving or changing
the sheets of material. For instance, a 1l-mil movement of the shaft
is simulated by moving a l-mil sheet of the fluid-film simulating

material from one side of the simulated shaft to the other.

In order to determine the materials suitable for the simulation,
the values of electrical resistivity versus temperature were plotted in
Figure 12 for the candidate materials. From these plots the following
materials were selected for simulating the potassium film at various
temperatures:
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Simulated Potassium Resistivity
Material Temperature, °F pohm-cm
Brass 105 10.2
Cupro-nickel No. 710 550 27
Cupro-nickel No. 715 700 34.4
Titanium 1120 55

The pertinent parameters influencing transducer sensitivity are

sleeve material, window thickness, temperature, coil diameters, con-

figuration, and window curvature. The following paragraphs give brief

descriptions of how each parameter and its effect on sensitivity was

examined.

(a)

Effects of Sleeve Material - To simulate the sleeve, various

metals were selected and fabricated into blocks 0.75 x 0.75 x
0.25 in. These blocks covered the electrical resistivity
range from TZM at 6.7 uohm-cm to Ti-6Al1-4V at 176 uohm-cm.
A1203 and phenolic blocks were also fabricated and used to
simulate an insulator (very high resistivity) as the sleeve
material.

The sensitivity measurements were performed with the standard
transducer configuration previously discussed. Each coil set
has two windings of 120 turns each of No. 36 Formvar covered
wire.

The transducer was placed in the fixture with a nominal film
of 0.016 in. between each coil and the sleeve material. The
coils were excited electrically with a Consolidated Electro-

dynamics Corp. 20-kHz carrier amplifier Type 1-127. The
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carrier amplifier was adjusted to balance the coils
electrically. The film was varied in known amounts on each
side of the sleeve material and the resulting imbalance
indicated on a digital voltmeter.

Data have been obtained over the sleeve electrical resis-
tivity range from 6.7 to 176 pohm-cm and for an insulator
(Figures 13 and 14). In each case the sensitivity in volts
per mil has been plotted versus sleeve resistivity for a
given film. The sensitivity figures shown for the curves
include an amplification factor of 38.5, as supplied by the
carrier amplifier. A sample of the raw data taken with a
TiC-10Cb sleeve and with the film represented by the mate-

rials shown is presented in Figure 15.

To determine the effect on the sensitivity of the sleeve
material alone, (i.e., no film present) a series of tests
were conducted using paper as the simulated film. Since the
paper is a nonconductor, the coil output will only be
affected by the motion of the sleeve material. The data
generated during these tests are also plotted on Figures 13
and 14 and are indicated by the lower curve (paper film).

By comparing these data, it can be seen that a low-sleeve
resistivities (i.e., below 40 uohm-cm), the sensitivity is
mainly a function of sleeve motion for high-resistivity
films, As the film resistivity is decreased, however, the
film tends to shield the coils from the sleeve, and there is
a decrease in sensitivity. At the lowest film resisitivity,
the sensitivity has increased greatly due to the film. But
as the sleeve resistivity is decreased below 20 uohm-cm, the
film again shields the sleeve from the coils and the sensi-

tivity decreases. At sleeve resistivities greater than
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70 uohm-cm, the sleeve contributes approximately 50-percent
to the overall sensitivity for the highest film resistivity
but plays only a very minor role in affecting the sensitivity
with low-resistivity films. In the sleeve resistivity region
between 40 and 70 uohm-cm, the low resistivity film is the
dominant contributor to the sensitivity while the high-
resistivity films do not contribute greatly to the sensitiv-

ity until the sleeve resistivity has increased to 70 uohm-cm.

Effects of Window Thickness - The effect of changes in window

thickness was determined by using several pieces of stainless
steel sheet between the coils and the film. These data (Fig-—
ures 16 and 17), indicate a fairly uniform change in sensi-
tivity with an increase in window thickness. It is apparent
that the increase in window thickness has a greater effect on
the sensitivity with a low-resistivity film than with a high-

resistivity film.

Effects of Temperature - To obtain some idea of how the

temperature would affect the transducer sensitivity, a series
of calculations were performed using the sleeve material data.
The values of sleeve material resistivity corresponding to
the four temperatures previously listed were obtained for TZIM
and TiC-10Cb. The potassium film for these four temperatures
was simulated by the materials listed in Section 4.2.2.

Using Figure 13, a sensitivity for each simulated film combi-
nation and sleeve'résistivity was determined. Sensitivity
versus temperatures were plotted as in Figure 18 for a range
of potassium film temperatures. In the case of the data
taken with a stainless steel window, the sensitivity data
were taken into account the temperature effect on window

resistivity. These data were then plotted in Figure 19.
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Effects of Coil Diameter and Configuration -~ Changes in coil

configurations have a marked effect on the transducer sensi-
tivity. In order to study these effects, several transduéers
were fabricated and tested in the bench rig. These trans-
ducers incorporated changes in the turns ratio of the primary
and secondary windings, and variations in the diameters of
the windings. Table 2 depicts the cross sections of these
various transducers and lists turns in the windings and

windings diameters.

The test results covering these transducers have been com-
bined to show the effect on transducer sensitivity when one
parameter is varied. 1In Figure 20, the effect of changes in
the primary coil outer diameter, keeping the number of turns
on the primary and secondary constant, is shown. Figure 21
shows a similar condition with the secondary coil outer
diameter being the variable. To study the effects of changes
in the number of turns on the primary and secondary windings,
Figures 22 and 23 were generated. These show first the vari-
ation in primary turns and then the variation in secondary

winding turns.

From these curves, it can be seen that the optimum configu-
ration in the range of variables tested is the one with a
secondary to primary turns ratio of 2:1 or 2.5:1. This is
the optimum case for either low- or high~resistivity film.

These cases were run with a fairly high-resistivity sleeve.
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TABLE 1II

CROSS SECTIONS OF COIL CONFIGURATIONS
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TABLE I1 (Contd.)

CROSS SECTIONS OF COIL CONFIGURATIONS

PRI. SEC.

CONFIGURATION (UPPER WINDING) (LOWER WINDING)
NUMBER ID oD ID 0Ob

P OOOrsaraOOge.esoo.sso0.1s0o.350
NN NN
e NN _ 0.150 0.350 0.050 0.350
P N X 0.150  0.350  0.050  0.450
M EANNN
s N N 0.150  0.350  0.050  0.550
ARIIIMY | AR
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(e) Effects of Window Curvature - Since the actual window in the

bearing housing of the turbine is not flat but has a curva-
ture on the journal side, calculations were made to take this
window thickness variation into account. The technigue used
to perform the calculations is shown in Figure 24 . The coil
configurations were drawn on a large scale model of the win-
dow cross section and an average window thickness for each
coil determined. The sensitivity was then modified by this
increase in thickness and replotted on Figures 25 and 26.

The results are essentially the same as those presented in
Figures 20 through 23.

4.2.3 Transducer Design and Fabrication

This section details Task III--the design and fabrication of film
thickness probes for use in the 500-hr endurance test. The final probe
design employs a 1.5 secondary-to-primary coil turns ratio and is
shown in Figures 27 and 28. The design shown evolved from optimization
studies using analytical and empirical techniques. Several transducers
were fébricated for base-line test purposes and for use in high temper-
ature (Ll000°F) resistance stability tests.
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FIGURE 27

APS-5357-R
Page 57



8¢ HINDIA
ATIWASSY FI0¥d SSUNMDTHL WITA WNISSVIOJ

ANOJHOD
ONILIOd Xdd
» QIAIHS TYLEX
QW YOTHL *NI-0T0'0 ==

STYNTRYAL

avai avio
THALS SSAINIVLS =3

R ritona,

VAR
NOILVINSNI
ALIDIHNVIAD
HLIM TIIM
8y av1o IN

ONISNOH
THALS SSWINIVLS .

g W TI0D TI1I0D
AATXO0 WONTWNOTY

APS-5357-R
Page 58



v AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
CARREYTY A DIVISION OF THE GARRETT CORPORATION

Eventual selection of coil wire material, wire gauge, insulation,
potting compound, and connector design was made on the basis of two
high temperature (l000°F) tests. The first test (approximately 1000 hr)
was made to select the most durable material—-gauge combination from a
set of 36-, 38- and 40 ga wire coils. Of the two material configura-
tions tested, (nickel-clad silver wire with Ceramicite coating versus
aluminum wire with A1203 coating) the 36 ga aluminum wire appeared the
least sensitive to time-temperature effects. Therefore, a second
2200 hr test was made comparing 12 sets of Ni-clad silver wire coils
with 12 sets of aluminum wire coils, both of 36 ga diam wire. All
12 aluminum wire coils were unchanged in resistance after the tests,
while several of the Ni-clad silver wire samples showed evidence of
burn spots on the wire or an increase in resistance over the initial

values.

- Superior performance of the aluminum wire was overridden by
additional considerations relating to eventual transducer application;

namely,

(a) It was suspected that the aluminum might have an adverse

effect on the NASA selected potting compound

(b) There was some apprehension over the possibility of aluminum
evaporation ("outgassing”) in the hard-vacuum space environ-
ment. '

Therefore, 36 ga Ni-clad silver wire was selected for the final
transducer test configuration using PBX Ceramic Cement as the potting
compound.
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4.2.,3.1 Details of Probe Design and Fabrication

(a) Wire Selection = Two candidate wire materials were considered,

Ni-clad silver and aluminum coated with A1203. The silver

wire composition is as follows:

Percent Percent
Element In Core In Cladding
Silver 99.95 Min
Nickel 0.001 99.65
Copper 0.05 0.03
Iron 0.002 0.05
Manganese 0.001 0.10
Silicon 0.001 0.03
Carbon 0.05
Sulfur 0.005
Arsenic 0.00
Phosphorus 0.00
Oxygen 0.00 0.05
Nitrogen 0.00 0.05

Initial samples of the ceramiclad insulated Ni-clad silver wire
were tested for insulation breakdown at the elevated temperature and
voltages. The resistance testing was done by twisting together two
wire lengths and measuring the resistance between them with a General
Radio Impedance Bridge. Figure 29 shows the insulation resistance as
a function of temperature. A voltage breakdown of 23 vdc was measured

at 1100°F; the nominal transducer operational voltage is about 5 vdc.
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A comparison was also made of the wire resistance before and after
ceramic coating. The calculated resistance was 0.765 ohms/ft. Mea-
sured values were for the uncoated wire--0.773 ohms/ft and for the
coated wire--0.810 ohms/ft. The coated wire undergoes a curing process
at 1900°F during the insulating process.

The ceramic coated wire was sectioned and photographed at 500X
magnification in the etched and unetched condition as shown in Fig-
ure 30. The section clearly shows a uniform cladding thickness but the
insulation is largely invisible. The large axe-shaped piece in the
upper photograph is a portion of the cladding that was peeled away.
After initial tests indicated satisfactory wire properties, seVeral
coil sets were prepared with 36-, 38- and 40 gauge sizes tested at
1000°F for approximately 1000 hr. Coil resistance versus time at
temperature is shown in Figure 31. The coil wound with No. 36 aluminum
wire showed no degradation with time.

Three of the four coils wound with No. 36 nickel-clad silver wire
also showed no change in resistance. The fourth coil experienced a
mechanical failure at the wire termination post on the coil. The coils
wound with the smaller sizes of nickel-clad silver wire showed various
stages of deterioration. From the early start of these tests, it was
evident that only the largest wire, No. 36 gauge, should be used for
high temperature transducers.

Based on the results of the first test, a second coil stability
test was made. This test consisted of 24 coils, 12 wound with No. 36~
gauge nickel-silver wire and 12 wound with No. 36~gauge aluminum wire,
placed in an oven and a means provided for monitoring the electrical
characteristics from outside the oven. The test was terminated at
2200 hr. Figure 32 shows the stability of each coil as a function of
time at temperature.
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PHOENIX, ARIZONA

WIRE DIAMETER - O.0045

UNETCHED - 500X MAG

ETCHED - 500X MAG

NICKEL-CLAD SILVER WIRE WITH "CERAMICITE"
INSULATION CURED AT 190CF
FIGURE 30
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Inspection of the coils after removal from the oven revealed the
following results. All 12 coils wound with No. 36 aluminum wire were
intact and had not changed in resistance. However four of these wefe
open where the wires joined the terminal pins of the coil. The 12
coils wound with No. 36 nickel-clad silver wire were either open and
showed evidence of burn spots on the wire or showed an increase in
resistance from the initial resistance values. Seven of the 12 were

also open at the terminal pins on the coil forms.

Two types of potting compound were used in the ccils--Technical G
Copper Cement, and PBX Ceramic Cement. The PBX cement held up very
well during the 2200 hr, while the Technical G changed color and
cracked away from the terminal pins and wires. It also had a crumbly

appearance.

4.2.3.2 Test Transducer Fabrication

Probes were fabricated for use during the static bench tests,
calibration test rig development and, of course, for the final endur-
ance testing.

Several>steps are required to complete the fabrication of coil
assembly for the film-thickness transducer. The first step involves
making the coil form itself (Figure 33). If made from Lava it is
machined to shape on a lathe and then fired to form a dense ceramic
structure. If the form is made from Al 205 as were all final configu-
rations, it is ground to the appropriate shape. Next, the primary and
secondary coils are wound with the appropriate number of turns of
ceramic insulated core. After a pair of coils is wound they are con-
nected together and balanced electrically on the fixture shown in

Figure 34. The primary windings are joined in series and connected to

APS~-5357-R
Page 66



4 AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
CARRETY A DIVISION OF THE GARRETYT CORFORATION

PHOENIX. ARIZONA
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COIL BALANCE FIXTURE
WITH TWO COILS IN PLACE

FIGURE 34
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a 20-k-Hz oscillator. The oscillator output is 5 volts rms. The
secondary windings are connected in series opposition such that the
output of one coil cancels the output of the other coil. The resultant
output is displayed on an oscilloscope and/ér a digital voltmeter. 1In
order to keep the unbalance at a reasonable value, turns of wire are
removed from one secondary coil to lower the unbalance to at least

5 mv peak-to-peak. After initial balancing the coils are heated to
1000°F for about one hour. They are rechecked for balance, turns
removed as necessary, and the coils reheated. Usually two or three
heating cycles are sufficient to stabilize the coils. Leads are
fastened to the coil pins and the coils assembled in the coil holders.
Temperature cycling is again performed to insure system stability.

The coils are then permanently fastened in the holders and connectors
attached to the coil leads. A completed transducer set is shown in
Figure 35. .
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FILM THICKNESS TRANSDUCER COILS
WITH HOLDERS AND LEAD WIRES

FIGURE 35
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4,2.3.3 Material Property References for Section 4.2

l.

TZM data - Climax Molybdenum Co. of Mich. Huron Pkwy., Ann Arbor,
Mich.

T-111 data - Aerospace Structural Metals Handbook, ASD-TDR-63-741,
Vol. II, Mar. 1965.

Tungsten carbide data - Thermal Properties of 26 Solid Materials
to 5000°F, ASD-TDR-62-765, Jan. 1963.

Potassium data - Liquid Metals Handbook, Revised Ed. 1954, Oak
Ridge Nat. Lab.

H-11 data - Westinghouse Elec. Corp., Aerospace Elec. Div.,
Lima, Ohio, Mats, Eng. Lab. Rept.

316 stainless steel data - Aerospace Structural Metals Handbook,

ASD-TDR-63-741, Vol. I, Mar. 1965.

Inconel X data - Materials Lab., AiResearch Mfg. Co.

Ti-6A1-4V data - Aerospace Structural Metals Handbook,
ASD-TDR-63-741, Vol. II, Mar. 1965.

TiC~10 Cb data - NASA lLewis.

Zirconium, Titanium, Aly0, and Phenolic data - Materials
engineering, Materials Selector Issue, Oct. 1967.
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5. CALIBRATION TESTING (TASK II)

The intent of Task II was to provide a calibration test rig
capable of verifying the analytical and empirical studies of Task I.and
providing in-place calibration of the selected transducer design. The
calibration test rig met the following requirements:

(a) Temperature variation from ambient to 1000°F

(b) Rotational speeds from 0 to 25,000 rpm at temperature

(c) Measurement of motion of the shaft in two mutually perpen-

dicular planes to an accuracy of *#0.00005 inch
(d) Applicability to refractory-alloy material combinations

Final hardware evolved from an existant AiResearch calibration
test rig shown in Figure 36,

5.1 Calibration Rig Description

The rig (Figure 37) consists of a precision rotating spindle
mounted in pneumostatic journal bearings. The shaft penetrates the
potassium~filled-probe test housing through a combination mechanical
face seal and dynamic seal with an argon buffer between. The rotating
spindle/bearing assembly is mounted to the base plate through a pair of
mutually perpendicular, linear antifriction rollerways. The shaft is
driven by a plant—air—aétivated air turbine. Manual movement of the

spindle is controlled by precision micrometer heads reading directly
to 0.00001 in.
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FILM THICKNESS PROBE CALIBRATION TEST RIG
FIGURE 36
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Radial movement of the precision spindle is measured by two pairs
of high-precision Wayne-Kerr capacitance probes mounted in each air
bearing. These capacitance probes are calibrated external to the rig
through direct mechanical measurement of specimen movement with a
Model 21-4000-00 Micro-Displacement Calibrator manufactured by Clevite
Corporation. This device is capable of rendering a probe calibration
accuracy of about +5.5 microinches for the range of movement of
interest (0.015 inch). The minimum dial graduation on this device is
20 microinches with a digital readout device available to half that
dimension.

The film-thickness-probe test head consists of a cylinder of the
particular housing material of interest} containing the eddy-current
coil assemblies and sandwiched between two housings of a material of
similar thermal expansion. The assembly is not seal-welded but is
statically‘sealed with metal sealing rings. This design feature allows
for the greatest degree of versatility in testing different housing
(refractory) materials, various coil configurations, and required

window configurations.

The portion of the rotating spindle upon which motion is to be
sensed is separate from the basic spindle. It is mounted to the
spindle through a slotted shaft arrangement intended to compensate for
differences in thermal expansion and yet provide positive register with
the specimen. This device is shown schematically in Figure 38. The
test~coil housing is surrounded by a resistance clam-shell-type heater
to provide the required ambient operating temperature. The heater
enclosure also serves as a light vacuum or inert-gas chamber to handle
potassium leakage and to minimize oxidation in the high~temperature
region.
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5.1.1 Detail Design Considerations

A number of detailed changes and modifications were incorporated
into the design of the existent calibration rig.  The following
improvements were added:

(a) The x-y cross-slide system support ring was made completely
symmetrical, and a feature was added to allow it to flex

thermally without distorting the cross~slide assembly.

(b) A pneumostatic thrust bearing replaced the anti-friction
thrust bearing.

(c) The heater enclosure around the instrumentation section was
modified to serve as a light vacuum or inert-gas (argon)
chamber to handle potassium leakage and minimize oxidation

in the high-temperature region.

In addition, extensive studies were made of the rotor suspension
system (journal and thrust bearings) together with a complete thermal
analysis of the unit to determine how expansion and vibration would

effect measurement sensitivity.

5.1.1.1 <Calibration Test Rig Rotor System Natural Frequencies

Critical-speed and bearing-load considerations were major factors
in the design of the test rotor. In order to minimize shaft eccen-
tricity under opérating»conditions, the rotor geometry and bearing
stiffnesses were examined together. The dependence of critical speeds
of the rotor upon the bearingbstiffnesses is presented in Figure 39.
Practical bearing stiffnesses, based upon bearing design considera-

tions, dictate operation between the first and second critical speeds.
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Bearing stiffnesses of approximately 5 x 104 1b/in. were found to
minimize the bearing loads at operating speed. A plot of these loads
as a function of speed is shown in Figure 40, for a static unbalance
of 0.0001 in. At design speed (24,000 rpm), the loads are seen to be
higher than desirable, implying the need for very precise balance of
the rotor.

5.1.1.2 Gas Journal Bearing Design

Selection of the bearing type for support of the test rotor was
based upon the following criteria:

(a) Smoothness of operation

(b) Ability to operate in a high-temperature environment

(c) Minimum runout

(d) Stability

(e) Stiffness (as specified by the critical-speed analysis)

It appeared that a hydrostatic air bearing would best satisfy
these requirements and the final design geometry is shown in Figure 41.
Load deflection for this geometry at 150 psia supply pressure is shown
in Figure 42. The single-pad stiffness is seen to be about 30,000 lb-
per square inch. The four-pad bearings will therefore have a stiff-

ness of 60,000 lb/in. (independent of direction). Stability and stiff-
ness were the major design goals.

Two possible types of instability were considered throughout this
design:
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(a) Hydrostatic instability ("pneumatic hammer")
(b) Hydrodynamic instability ("self-excited" whirl)

Pneumatic hammer is dependent upon the total bearing and feeder-
hole geometry, the most critical factors being bearing clearance and
orifice diameter. The design presented herein has been stable in this
respect. The possibility of hydrodynamic instability has been elimi-
nated by minimizing hydrodynamic forces developed within the bearing
film. This has been accomplished by the four pads separated by
grooves of significant widths. Past experience indicates that the
hydrodynamic flows are sufficiently broken up by the configurétion
such that operation at above twice the first critical speed should be

no problem.

5.1.1.3 Test Rotor Gas Thrust Bearing Design

Aerodynamic analysis indicated that rotor thrust loads of 35 1lb
upward and 5 lb downward (largely due to the pressure differences
across the drive turbine) might be encountered during unit operation.
To sustain this load spectrum under all operating conditions, a double
acting, air thrust bearing with hydrostatic capability was designed.
The critical parameters for each side are as follows:

(a) Outer radius = 1.0 in.
(b) Inner radius = 0.5 in.
{(c) Orifice radius = 0.013 in.

(d) Orifice pocket radius = 0.0625 in.
(e) Orifice pocket depth = 0.005 in.
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(f) Eight orifices equally spaced on a radius of 0.75 in.

with radial slots midway between them.
(g) The mass flow rate will be less than 35.2 1lb/hr.

For this configuration, Figure 43 presents the load-versus film-
thickness characteristics as a function of supply pressure with the
total axial clearance assumed to be large enough that only one thrust
face is loaded at any particular time (about 0.004 in.), either of the
bearing surfaces will support the maximum required load with a film
thickness of 0.0008 in. and a supply-to-ambient-pressure ratio of 5.0.
The relatively large operating clearance (especially if the supply
pressure ratio is greater than 5.0) will minimize problems due to
thermal and elastic distortions and misalignments. Estimated elastic

deflection appears to be no larger than 0.000060 in.

5.1.1.4 Potassium Test Journal Design

The instrumentation probes are to be evaluated with test journals
of four different materials. Presented below are the significant
material properties of each candidate journal.

JOURNAL MATERTAI PROPERTIES

Coefficient of

Thermal Modulus Yield

Expansion Density of Elasticity Strength
Material a=106(—£0 otlb/in3) ».Eflo_s' ,.0 at
—_— °F 70°F 1000°F 1000°F (psi)
TZM 3.1 0.369 46.0 38.0 60,000
WC (K-96) 2.8 0.538 91.6 200,000
H-11 7.4 0.281 30.0 22.8 90,000
Tp-111 3.5 0.603 26.0 24 .4 39,500
M., (Shaft 6.6 0.285 31.0 23.5 250,000
Material)
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Each test journal is supported on the rotor by a thermal expansion
compensating mounting technique. Eight axial slots symmetrically
placed are used to form eight beams. Each beam is highly flexible with
respect to locally applied radial loads, but virtually rigid with
respect to tangentially directed loads. This supporting method thus
provides necessary freedom for differential thermal.expansion between
the journal and the rotor while affording an essentially rigid support

with respect to externally applied transverse loads.

In order to insure the desired measurement accuracy of 5 x lO—5 in.
the displacements in the test journal in the operating environment were
investigated in considerable detail. Both the thermal change from room
temperature to 1000°F and the operating speed of 24,000 rpm were found
to significantly affect the journal deflections.

During the manufacture of the test journals, the journal is shrink-
fitted on the shaft, and the journal held in place by an initial inter-
ference. The outer diameter of the journal is then ground concentric
with the shaft gas bearing journals. This process also removes any
initial "crowning" of the test journal that might otherwise be caused
by the contact pressure between the shaft and the journal. The effects

of the operating environment on the journal deflections are shown below.

JOURNAL DISPLACEMENTS

(Inches)
Centrifugal*
Recommended* Journal

Journal Initial Interference* Growth 5 Journal ,* , *%*
Material Interference at 1000°F (0.D.) x 10 Crowning x 10
TZM 0.001 0.00313 4,78 6.3

WC 0.001 0.0031 2.89 2.7

H-11 0.003 0.00251 6.06 7.4

=111 0.001 0.00286 12.13 9.4

*Radial interference or growth.

**Difference between the radius at the center and of the journal due to
temperature change and centrifugal force of the beams.
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As shown above the temperature changes will reduce the contact
interference and contact pressure for the H-11l journal mounted on the
M~-2 shaft. The other journal materials will have an increased inter-
ference at 1000°F over room temperature. At operating speed, the
centrifugal force will tend to throw the beams out against the journal.
Because of the radial flexibility of the beams and the stiffness of the
journal, this centrifugal force is almost entirely suppbrted by the
journal. Therefore, both the temperature increase (except for the
H-11 journal material) and the centrifugal force will tend to increase
the contact pressure between the support beams and the test journal.
The deflection curves of the test journals due to the above loads are

shown in Figure 44.

vTherbending stresses in the journal support beams are well within
the acceptable range. The greatest stress at room temperature in the
journal support beam is 112,500 psi (yield point >300,000 psi). Max-
imum stress at elevated temperature is 93,600 psi (yield point at
1000°F >200,000 psi). The test journal itself is lightly stressed as
evidenced by the maximum tangential stresses presented below for

various test journal materials:

TEST JOURNAL TANGENTIAL STRESS (PSTI)

Total
Rotational Contact Pressure Tangential
Material Component Component " Stress
TZM 4,120 4,340 8,460
WC 6,000 3,980 9,980
H-11 3,130 4,070 7,200
T-111 6,700 4,230 10,930
APS-5357-R

Page 87



euoziyy o fiueduion) Buumpejnuely yoiessayi

GIAOUALY

RO6EEY
. NELLIBM
5y TunoT4|  SAVOT TVONIIMLNID ANV TYWHIHL OL 30a .
STVINTLYA SNOINVA 40 TYNMNOR 40 ONINMOND [t D3] amemss
N'
N SEHONI| - TVWNMNQCWO WHINAD WO¥d FMONVISIA JVIXV
* i L4 & ® L
8 0 #°0 a-o Q 210~ 110- 9 0- 0
\, N e EESE&E\\\\ / 2
/ / 4 om \
A\ \\Wx\\x i
WZl yi, \
/!ﬁuﬁﬂl — = s&\kt ,.,.,”,,".”,.,
b d
T T/ @
LA L — / | \
N 7
III!EI%\\\
8

gO1 X SHHONI - SQvOl
TYONITIINGD 6NV HINIVIEIWEL WOHd HONVHD IvIavE

APS-5357~R
Page 88



A 4 AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
CARRETT A DIVISION OF THE GARRETT CORFPORATION

As mentioned previously, the journal support beams are formed
from segments of the test journal. Under most of the load conditions,
the beam is bent normal to the axis of minimum section modulus. The
beam can be considered as a beam fixed at both ends and loaded by a
uniform pressure in the center. The equivalent spring constant of 3
this beam is Keq = 37,200 1b/in. at room temperature and 28,200 1lb/in.
at 1000°F.

The individual beams are relatively "soft" in the radial direc-
tion, as shown by the spring constants given above. However, thé
journal support system consists of a total of eight beams. When a
single transverse load is applied to the journal, these beams will be
at various orientations to the load, so that the effective bending
stiffness of some beams will differ considerably from that cited. The
total stiffness of the journal supports yields an effective journal
spring constant of 3.9.106 lb/in;, which is considered to be more than
adequate, provided that slipping does not occur. After sufficient
load is applied to overcome the static frction, however, the stiffness
will progressively reduce at 24,000 rpm, contact loads between the

journal and each beam are computed to be over 250 1lb.

During calibration of the film-thickness transducer, the journal
will be moved from the center of the bearing. Though the bearing
clearance is large, a small hydrodynamic force will be generated by
the rotation at this eccentricity. This transverse force of the test
journal will tend to displace the shaft within its gas-lubricated
journal bearings. The deflection at the test journal due to the above
force depends upon the stiffness of the gas journal bearings. The
effective spring constant of the gas journal bearings resisting loads
at the test journal with respect to displacements at the test journal
is 9,050 1b/in., based upon a radial stiffness at each gas bearing of
50,000 1lb/in. Because hydrodynamic loads developed at the test journal
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are of the order of one lb, the associated radial deflections there
may be significant. The presence of capacitance probes in two axial

planes allows this deflection to be calculated.

Also at the operating conditions of 24,000 rpm and 1000°F, the
potassium exists as a vapor in the annular region formed by the tie-
bolt and the journal inside diameter. The liquid-vapor interface will
exist at a radius of approximately 0.9 in. and should have a desirable

effect upon rotor apparent mass unbalance.

5.1.2 Calibration Test Rig Thermal Analysis

A steady-state three-dimensional heat~transfer analysis was per-
formed on the calibration rig. This analysis served to indicate what
problems would occur due to operation of the potassium journal test
chamber at 1000°F.

The film-thickness calibration rig was modeled by the configura-
tion shown in Figure 45. The areas of the calibration rig indicated
in the figure by dashed lines form a transition. from a round or axisym-
metric geometry to rectangular forms. The true three-dimensional shape
of these latter areas was used in the analysis. Besides those heat-
transfer mechanisms indicated in the figures, the outer surfaces of
the calibration rig were considered to be cooled by free convection to
the surrounding air and by radiation to the walls of the room. The

assumed boundary conditions are also shown in the figures.

Pigures 45, 46, and 47 show the isotherms in the test rig for
cooling flows in the central tube of 0.5, 1, and 10 1b/min of air.
The last value was taken as representative of the maximum cooling flow

that could be reasonably expected with the available air supply.
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Large thermal gradients exist in the titanium base plate and the
tool steel rotating shaft. By use of the temperatures shown in Fig-
ure 45, the thermal stresses in the base plate were calculated. The
maximum stresses were less than one-third of the yiéld stress of the
material at 900°F. The thermal gradients in the rotating shaft are
primarily axial gradients and, thus, will not cause significant

stresses because the shaft is free to expand axially.

The effect of the thermal gradients on the clearance of the gas=-
lubricated bearings is shown in Figure 48, The minimum clearance of
the bottom bearing is decreased, and that of the top bearing is
slightly increased. The middle graph (1.0 lb/min cooling flow) shows
the final clearance with initial minimum clearance of 0.0010 and
0.0012 in. initial value. As might be expected, less change in the

clearance occurs with the larger cooling flows in the center tube.

The temperature gradient in the adapter amount is somewhat greater
than 200° initially assumed; however, the stress in the mount is suf-

ficiently under the yield stress that no yielding should occur.

The temperature in the area of the precision dial micrometers and
the linear bearings is in the range of 200°F. This temperature can
cause considerable inaccuracy in the dial micrometers, depending on
their materials and type of construction. The micrometers were protec-

ted by thermally insulating the mounting system.

It was concluded that no significant stress problems would occur
due to thermal gradients within the test rig. However, to avoid the
possibility of contact between the shaft and the gas-lubricated bear=-
ings, the cooling flow in the center tube was made as large as possible.
Further, the initial clearance of the bottom bearing was increased to a

minimum of 0.0012 in. due to larger journal expansion at this bearing.
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5.2 Calibration Rig Testing and Results

Calibration testing was done on the rig to provide additional’
experimental support to Task I static bench testing. First, the rig
was employed to measure rotational effects on the transducer design
variables empirically explored under Task I bench tests. NaK was used
as the fluid film. Second, four pairs of probes were calibrated for
use in the 500 hr turbodynamic endurance run utilizing potassium dur-
ing calibration.

5.2.1 Calibration with NaK Film

To supplement bench tests and to evaluate rotation effect on
transducer sensitivity, a standard transducer was fabricated for test-

ing in the calibration rig.

The transducer was fabricated from Grade A lava stone for the coil
cores and the windings composed of No. 36 nickel-clad silver wire insu-
lated with a Ceramicite coating. The coil form outline is shown in
Figure 49. After the coils were wound with wire and electrically
matched, they were placed in holders (Figure 50), which can be inserted

into the instrumentation housing.

NaK was employed in the annulus between the transducer and the
journal. Two sleeve materials were investigated using a 316 stainless
steel housing in each case. The first test was run with a TZM sleeve
on the journal--the second using an A1203 sleeve. Both tests were made
with the ligquid NaK film at ambient temperature. Table 3 presents a
summary of data taken for each case.

A clear lucite housing was also fédbricated for the calibration rig
in order to fully observe the process of filling the cavity with NakK.
Rotational effects on the fluid film were also observed using the clear

housing.
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TABLE 3
SENSITIVITY DATA FROM

SEPTEMBER 4, 1968 TO SEPTEMBER 13, 1968

. Effects of Shaft Rotation on
Transducer Sensitivity
(316 Stainless Steel Housing)

TZM Sleeve Material

The data for the TZM and Al.0

Speed, rpm Sensitivity, v/mil
0 0.090
6,000 - 0.090
10,000 0.090

AL, 0, Sleeve Material

Speed, rpm Sensitivity, v/mil
0 0.097
0 0.096
0 0.099
9,500 0.095
11,500 0.093
15,000 0.090

293 sleeves are shown on Figures 51

and 52 along with sensitivity values. It can be seen that the sensi-

tivity as a function of speed is constant for the TZM sleeve but for

the A1203

sleeve

it shows a decrease as the speed is increased. This

decrease may be due to a non-uniformity in the NaK film caused by

the Ale3

sleeve.

around the Al.0O

sur face,

2°3

Difficulty was experienced in filling the annulus
sleeve because the NaK did not wet the sleeve
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5.2.2 Calibration Testing with Potassium Film

Four film thickness transducer pairs were calibrated for use in
the 500 hr endurance test utilizing the calibration test rig. A TZIM
sleeve was used on the rig shaft and the transducers were placed in a
316 stainless steel instrumentation housing. The calibration procedure
was as follows: Two pairs of coils were placed in the housing. A
series of measurements were made with no potassium in the rig, over a
displacement range of the rig shaft of *0.005 in. and a temperature
range to 1000°F. At the elevated temperature, random resistance
increase was observed at the probe output. These failures were attrib-
uted to an increase in coil resistance with temperature and traced to
the technique used to fasten the coil wires to the instrument terminal
pins. This problem was remedied through techniques discussed in
Section 5.2.2.1.

After the empty measurements were completed, the rig was filled
with potassium and measurements performed over the temperature range
of 400° to 800°F. These readings were taken in the same manner as the
unfilled measurements. In all the above cases, the calibration rig
was not rotating. The resulting calibrations are shown in Figure 53.
Sensitivity values versus temperature are plotted for the four sets of
transducers to be used in the turbine run. Only one point is shown
for transducer No. 5 as higher temperature measurements were made with
an incomplete potassium-£fill, and unreliable sensitivity wvalues

resulted.

After static measurements were completed, rotational data were
obtained on two sets of transducers over the same temperature range as
the static measurements and with rotational speeds to 14,000 rpm.

These data are plotted as the upper eight curves in Figure 54. In most
cases the sensitivity experiences a slight decrease with both speed and
temperature. This change is approximately 8 percent over the tempera-
ture range tested. Some of this change could be due to experimental

error in the measurements.
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The bottom curve in Figure 54 is a cross-plot showing the change
in sensitivity with speed at 800°F coil temperature for the two trans-
ducer pairs. The variation of sensitivity with speed is approximately
5 percent for transducer 4 and 15 percent for transducer 5 at 800°F.
However, transducer 5 experienced a change in sensitivity during the
latter stages of calibration; this may account for its large change
with speed. This sensitivity change was traced to the terminal problem

discussed below.

5.2.2.1 Terminal Connection Problems

-During attempts to calibrate the several sets of probes at
temperatures to 1000°F, several coil failures were experienced in the
temperature range from 800° to 1000°F. These failures were caused by
an increase in net coil electrical resistivity. The problem has been
traced to the method of making the junction between the fine (0.005-in.
dia) coil wire and the relatively coarse lead wire. The technique used
to fasten the coil wires to the terminal pins on the coil core is
depicted in Figure 55A. After the wire is inserted into the tubing,
the tubing is crimped onto the wire. During operation at temperature

these joints apparently oxidize and increase the contact resistance.

Following engineering investigation of the problem and consulta-
tion with materials specialists concerning the technigue, an improved
method of making the wire junction was evolved. The improved method
utilizes a small inert gas arc-welder to fuse the coil wire and lead
wire to the terminal pin as shown in Figure 55B. The three components
fuse into a compact, uniform, rounded bulb.
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6.0 TURBODYNAMIC TESTING INCLUDING TURBINE AND LOOP MODIFICATIONS

The objective of Task IV was a 500~hour verification test of the
final film-thickness-probe configuration resulting from Tasks I and ITI.
This verification test was to be done in a potassium test lobp and
with use of a 24,000-rpm supersonic potassium bearing test turbine
developed in 1963-1964 on the USAF/AEC SNAP 50-SPUR program. This
loop had accumulated approximately 3,000 hours of operating time with
vapor temperatures up to 1350°F and bearing lubricant temperatures up
to 600°F. The loop was initially targeted for 1000°F bearing opera-
tion. Since all of the major loop components were in service through-
out the 3,000 hours of loop operating life, any questionable loop
components were refurbished as required to provide the maximum degree
of reliability for the 500-hour test.

Unfortunately, the 500-hour test was not completed although trans-
ducers were fabricated, calibrated, and installed in the rig. The
500-hour test was begun, but unforeseen potassium blockages in the
refurbished loop combined with a lack of funding resulted in test
deferral by the program manager. The following sections detail turbine

and loop modifications done to prepare for the final endurance test.

6.1 Loop Modifications

A detailed visual and past-performance inspection of the loop was
made and the following components or items were identified for rework

or replacement:

(a) Hot Trap

A new hot trap was fabricated.
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(b) Condenser Liguid-Level Indicator

Rebuilt and reinstalled the condenser liquid-level

indicator.

{c) Miscellaneous

o All argon and vacuum lines cleaned.

o Electrical ignition on the condenser gas burner

repaired.
o All loop sample lines (three) replaced.

o One more layer of insulation to the emergency
bearing lubricant line and tank added.

o Checked out all trace heaters and repaired as

necessary.

(d) vVvalves

3-in, FCV-31 Turbine Qutlet ~ Secured in the open
position
2-in. FCV-1C Turbine Bypass - Replaced the stem and

bellows with available kit.

2-in. FCV-1A Turbine Inlet ~ New valve and actuator
installed.
3/4-in. FCV37 and 38 Bearing - Procured new remotely
Outlet operated valves and

installed them.
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VN
3/4-in. V-62 and -62 Bearing -~ The hand-operated valves
Inlet were too big for close con-
trol of bearing flows.
Therefore, procured and in-
stalled new 3/8-in. remotely
operated flow-control valves.
3/4~-in. V-60 and -61 Condenser - Procured and installed new
Drain Line valves in the condenser and

boiler drain lines to aid

in loop drainage.

In addition, 1000°F pressure transducers were obtained to monitor
potassium vapor pressure during loop operation. After incorporation
of all modifications into the loop, liquid flow was established in all

liguid flow circuits by a 48-hour gradual loop heating process.

On April 18, 1968, boiling was initiated, and the temperatures
in the bearing feed lines were grédually increased. At approximately
2300 hours on April 18, conditions were 1390°F vapor and 950°F bearing
liquid--just short of the test objective of 1390°F vapor and 1000°F
bearing ligquid. At approximately 2330 hours, a potassium leak was
discovered that necessitated loop shutdown. The leak occurred at the
tee where the bearing drain line enters the vapor line returning to
the condenser. The loop was immediately blanketed with an argon cover
to force drainage into the sump. The thermal shock of the cold argon
entering the loop near the hot boiler discharge caused a secondary
crack in the weld where those two lines join. The loop was dumped
without further incident. Positive pressure was maintained on the

loop at all times to prevent influx of air.

Close inspection revealed that the primary leak had occurred in
the middle of the top of a forged tee. This tee was an original item

of loop plumbing having been in service for about 3,000 hours of
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operation prior to the leak. The secondary leak occurred at the weld
where the blanketing argon supply entered the boiler discharge line.

Metallurgical examination of the failed pipe sections removed
from the loop indicated the following failure modes.

(a) Argon Inlet Tee - Failed due to excessive thermal stress

resulting from shock of cool argon entering hot pipe.

(b) Potassium Liquid-Vapor Tee - Failed due to thermal fatigue
resulting from mixing of relatively cool (600° +o 1000°F)
potassium liquid with hot (1350°F) potassium vapor.

Both of these failed sections were replaced and presented no
further problems for the duration of the program.

The argon inlet tee is used only in case of loop failure at some
other point. Argon is dumped into the loop to pressurize the loop

potassium into the sump and to prevent atmospheric contact with the
hot potassium.

The old potassium liquid-vapor tee had been in service approxi-
mately 3000 hours with 600°F bearing discharge liquid mixihg with
1350°F vapor. The present program calls for bearing lubricant temper-
atures above 600°F, a condition which would tend to lessen thermal
fatigue on the subject tee.

Approximately 3.5 hours of boiling had taken place before the
leak occurred.

Prior to the detection of the leak, no loop problems had been
encountered. The bearing line flow temperatures were just short of
the 1000°F objective temperature, and ample reserve heating capacity
was still available to push well beyond 1000°F.
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6.2 Turbine Modifications

The turbine operating in the test loop is a single-stage, impulse-
bladed, partial-admission, 13500F, saturated-vapor, supersonic turbine.
A schematic cross section of the original unit is shown in Figure 56
and the unit is shown disassembled in Figure 57. The test bearings
are straddle-mounted, with dynamic slinger seals separating the bear-
ing liquid from the turbine vapor. Pivoted-pad bearings have been
operated for 2,000 hours during a single run with 600°F lubricant in
this unit.

The original instrumentation housings, each containing two pairs
of eddy-current film-thickness-sensing coils were mounted outboard of
the test bearings. Two coils mounted diametrically opposite to each
other on each side of the journal shaft and two sets of coils located
at 90 degrees to each other permitted detection of the change in film
thickness due to motion of the shaft in any radial direction. This
measurement produces the x-y coordinates of the axis of rotation of
the shaft.

Unfortunately, the original design of the bearing configuration
did not permit location of the film-thickness transducers in, or very
close to, the bearings; therefore, the transducers were mounted several
inches outboard of the bearings. The radial clearance between the
journal and the transducer holder was designed to be 0.015 in. This
transducer location imposed several accuracy limitations on the system.
The rotating sensing surface was a piece separate from the bearing
journal and required two concentricity tolerances to be included in
the reading. The original housing design was such that no in-place
calibration could be obtained, and failure of a coil meant test shut-

down and unit disassembly.

A fundamental ground rule of the turbine modification task was to

overcome these shortcomings in the original rig.
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Initial temperature cycling from room temperature to 1200°F re-
vealed that the original asymmetrical turbine housings changed housing
bore dimension by 0.002-inch due to thermal expansion. Metallurgical
investigation and thermal analysis of the required housing design
revealed Haynes Stellite 31 to be a suitable material. Therefore,
new housings, as symmetrical as possible, were cast and machined from

this material.

6.3 Turbine Testing

6.3.1 Initial Checkout

As an initial checkout test the bearing/instrumentation test
turbine was assembled and operated to 24,000 rpm using water as the
bearing lubricant and plant air as the turbine working fluid. The
bearings used were identical to those proven during a 2,000-hour
potassium test during the earlier SNAP 50/SPUR program. No problems

were encountered during this testing.

‘The test turbine was then disassembled, cleaned, reassembled,
and hermetically sealed. The displacement and speed monitoring
instrumentation may be disassembled from outside the rig. Next, the
turbine was welded into the turbodynamic test loop in preparation

for the 500-hour endurance test.

Fbllowing the calibration described in Section 5.2.2, the four
500~hour coil pairs were installed in the bearing/instrumentation

test turbine.

On June 21, 1969, heat-up of the turbodynamic loop was initiated
and soon after, potassium flow was established in the loop. It was
immediately apparent that the boiler drain line was plugged. However,
boiling could still be handled in the loop providing careful control
was maintained in controlling flow rate into the boiler via the boiler

feed pump.
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On June 22, 1969, steady-state boiling conditions were established
in the loop, but soon thereafter the hot trap line and one of the
bearing feed lines became plugged. Repeated attempts to open these
circuits met with failure and finally on June 26, 1969, further

attempts were terminated and the loop was shut down.

Due to a shortage of available funding, the program was terminated
at this point by the NASA program manager.
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